Abstract Mark-recapture techniques can be used to estimate white shark (Carcharodon carcharias) population abundance. These frameworks are based on assumptions that marks are conserved and animals are present at the sampling location over the entire duration of the study. Though these assumptions have been validated across short-time scales for white sharks, long-term studies of population trends are dependent on these assumptions being valid across longer periods. We use 22 years of photographic data from aggregation sites in central California to support the use of dorsal Wn morphology as long-term individual identiWers. We identiWed Wve individuals over 16-22 years, which support the use of dorsal Wns as long-time individual identiWers, illustrate strong yearly site Wdelity to coastal aggregation sites across extended time periods (decades), and provide the Wrst empirical validation of white shark longevity >22 years. These Wndings support the use of Wn morphology in mark-recapture frameworks for white sharks.
Introduction
White sharks, Carcharodon carcharias, observed oV the coast of California belong to a genetically distinct population unique to the eastern PaciWc (Jorgensen et al. 2010) . Subadult and adults travel long distances oVshore from California and Northern Mexico during yearly migrations (Boustany et al. 2002; Weng et al. 2007; Domeier and Nasby-Lucas 2008; Jorgensen et al. 2010) . These oVshore movements traverse international waters where individuals are susceptible to Wshing mortality, yet few data are available from potential oVshore Wsheries, confounding eVorts to determine white shark population status. Therefore, Wshery-independent methods must be employed to begin to estimate their population sizse.
Mark-recapture methods have been used to estimate white shark population sizes in South Africa (CliV et al. 1996) , Australia (Strong et al. 1996) and the northeast PaciWc (Chapple et al. 2011) . These studies are dependent on the assumption that white sharks return to the same location over multiple sampling periods. Recent work has illustrated the short-term [e.g., <8 years or 25% of estimated lifespan (Cailliet et al. 1985) ] seasonal site Wdelity of sharks to coastal aggregation sites. White sharks tagged oV coastal California and Guadalupe Island, Mexico returned to their tagging location following oVshore movements (Domeier and NasbyLucas 2008; Jorgensen et al. 2010) . Similarly, a combination of a satellite tag and dorsal Wn identiWcation described the movement of a shark in South Africa to Australia and back in 9 months (BonWl et al. 2005) . However, no studies have tested the long-term [e.g., >14 years or 50% estimated lifespan (Cailliet et al. 1985) ] site Wdelity of these animals.
These mark-recapture frameworks also assume external identiWcation tags or unique markings are conserved and identiWable throughout the study. Shedding and diYculty in application often confound the use of external tagging for identiWcation. Therefore, current research on white sharks has focused on the use of distinctive natural markings as individual identiWers Strong et al. 1996; BonWl et al. 2005; Domeier and Nasby-Lucas 2007; Gubili et al. 2009 ). One method proposed for individual identiWcation in white sharks at Guadalupe Island utilizes pigmentation patterns (Domeier and Nasby-Lucas 2007) . Though resighting requires only one photograph of the gill Xaps, pelvic Wn or caudal Wn on either side, initial identiWcation requires photographs of all three of these locations on both sides of the animal. In addition, the conditions necessary to support this type of identiWcation, superb water visibility and high recreational diving eVort, are unique to only Guadalupe Island. Collecting these data is likely to be too labor intensive and impractical in areas outside of Guadalupe Island with low water visibility (e.g., South Africa) and/or limited diving eVort (e.g., California). Additionally, pigmentation patterns in several sharks were shown to naturally change in shape and/or size from year to year (Domeier and Nasby-Lucas 2007) . Alternately, dorsal Wns can be photographed from either side and are often observed out of the water, precluding issues with water clarity or the need for divers. Dorsal Wn identiWcation, requiring limited eVort, is possible at all white shark aggregation sites globally. A comparison of matched individuals using genetic markers and dorsal Wn photographs showed a high degree of concordance (85%) between the two techniques over short (5 year) time periods (Gubili et al. 2009 ). This indicates that these patterns are unique enough to distinguish individuals. However, the stability of these marks over extended time periods remains unknown.
White sharks have been shown to exhibit short-term site Wdelity and repeatable individual identiWcation through dorsal Wn photographs Strong et al. 1996; Anderson et al. 1996; BonWl et al. 2005; Gubili et al. 2009 ) and body pigmentation Domeier and Nasby-Lucas 2007) ; however, in order to understand the long-term status of white sharks, mark-recapture studies must be expanded out to longer time series. Therefore, it is imperative to determine whether assumptions regarding site Wdelity and identiWcation are valid across these longer time periods (e.g., >14 years). Here, we aimed to determine (1) the stability of posterior edge dorsal Wn morphology as individual identiWers over long time periods and (2) use this information to illustrate the long-term site Wdelity of individual mature and subadult white sharks at coastal aggregation sites.
Materials and methods
This study began at the South Farallon Islands in 1987 (see Anderson et al. 1996) . In 1998, the study was expanded to include coastal areas near Tomales Bay, California and beginning in 2005, a small amount of marine mammal blubber was used as bait to increase encounter rates and duration. High-resolution photographs and video were taken of each shark when they came near the surface to investigate a sealshaped decoy. We extracted dorsal Wn images from these photographs and, if above water photographs were not available and water clarity permitted, from underwater video. Estimates of total length (TL) were also made when possible as sharks swam alongside a research skiV of known length.
Images were assessed for quality based on four criteria: angle, size, focus, and contrast. Images of insuYcient quality were removed (see Online Resources 1 for discussion of photograph processing methods). Experts (individuals with demonstrated expertise matching dorsal Wn photographs) then matched the remaining accepted Wn photographs within and across all years simultaneously. If individuals were identiWed multiple times over the study period, we compared the earliest and latest photographs to determine long-term stability of dorsal Wn morphology.
When possible, secondary characteristics (e.g., tags, permanent scars, mutilations, etc.) were used to validate these matches. In addition, we determined error rates of false identiWcation using experimental matching trials. Experts matched 20 randomly chosen photographs from 12 sharks, which had obvious secondary characteristics (not evident in the Wn photographs). Matching results from each expert were compared to the true matches based on these known secondary characteristics.
Results
We recorded 364 photographs of individual dorsal Wns between 1987 and 2008. ConWrmed males were sighted nearly twice as often as conWrmed females (1.8:1), though this ratio may be biased because it is easier to conWrm the presence of claspers than the absence. If the sex could not be conWrmed, the animal was labeled "unknown." The ratio of known to unknown was 4.26:1. (Fig. 1) . To illustrate the stability of markers and the empirical evidence of longevity, we describe Wve individuals resighted over periods ¸15 years at South Farallon Islands ( Fig. 2; Table 1 ).
The longest record was shark TJ, a 4.5-m-TL male. TJ was sighted 8 times over 22 years, initially in 1987 and most recently in 2008 (Fig 2a) . Shark CT, a 3.5-m-TL male was sighted on 14 occasions over 20 years (Fig. 2b) . FT, a 4-m-TL male, was sighted 7 times in 19 years (Fig. 2c) . BH and RF, a 4-m-TL male sighted 9 times (Fig. 2d) and a 4-m-TL male sighted four times (Fig. 2e) , respectively, were identiWed over 16 years. All TL estimates given refer to the size at the most recent sighting of each shark.
Discussion
Our Wndings support the use of the trailing edge of the dorsal Wn for long-term photo-identiWcation studies at coastal aggregation sites. We photographically identiWed Wve white sharks repeatedly over a period of 16-22 years. Through the use of secondary characteristics and comparisons of Wrst and last photographs of these Wve sharks, we found no evidence of changes in the size, shape, or arrangement of existing notches on these Wns. We did, however, identify two sharks that incurred changes to their dorsal Wns within the study period. These two sharks, a 4.9-m-TL female photographed each year from 2004 to 2008 (Fig. 3a) and a 4.3-m-TL male sighted November 07, 2008, and again 11 days later on November 18 (Fig. 3b) , were shown to incur damage to their dorsal Wns over the periods sighted. Though the trailing edge of the dorsal Wn was damaged, creating a new notch, identiWable markings above and below this notch remained unchanged and suYcient for identiWcation, illustrating how even relatively major Wn trauma may results in the addition of a notch while leaving ample morphologic information for a positive identiWcation. It is possible that the entire Wn edge could be removed or altered due to major trauma preventing matching to previous sightings, but we saw no indication of this type of trauma during the 22 years of this study, which suggests this would be an extremely rare occurrence. Dorsal Wn identiWcation also supports the long-term (¸15 years) site Wdelity of white sharks at coastal aggregation sites and provides the longest empirical documentation of white shark longevity to date, >22 years. Individual identiWcation illustrated that animals returned to these sites consistently throughout the study period and potentially during their entire adult life span. Each animal was not necessarily seen every year, but unequal eVort across both spatial and temporal scales most likely contributed greatly to such gaps in identiWcation. Additionally, the prevalence of short-term resights (<5 years) is also largely attributed to increased eVort during the last 3 years of the study (Fig. 1) .
This methodology, obtaining one photograph of the dorsal Wn, requires far less eVort than methods to document body pigmentation patterns and does not suVer from large rates of tag shedding or biofouling as traditional tagging methods do. Many of the white sharks in this study have been tagged with (on occasion multiple) pop-oV archival tags, ultrasonic transmitters and/or Xoy tags, which have the potential to shed within a short time span (<1 year) (Jorgensen et al. 2010) , precluding their use in long-term mark-recapture studies. In addition, further eVort to automate the matching process will make the process more feasible with large datasets, allowing for the universal comparison of animals across diVerent geographic regions regardless of diving eVort or water clarity conditions. Dorsal Wn identiWcation oVers the foundation for markrecapture studies to quantify the population size and trends of white sharks. If possible, we suggest all available data be recorded (e.g., Wn photographs and body pigments). However, white shark studies are often very diYcult and costly. Therefore, we propose that dorsal Wns, because of their ease in recording, illustrated longevity and potential for universal application, be prioritized as a method to document individual white sharks. This methodology cannot only be used to monitor the status of the white shark population in the northeast PaciWc, but unlike other photo-identiWcation methods, it can be more uniformly applied to archive white sharks worldwide, standardizing documentation of individuals across vast spatial and temporal scales.
